INTRODUCTION
============

Acceleration of global outbreaks of viral diseases has become inevitable in recent years, due to rapid climate change and frequent intercontinental travel ([@R1]). Dengue virus (DV) is one of the most prevalent arthropod-borne viral pathogens in the family Flaviviridae, which also includes Zika and West Nile viruses. Currently, about 390 million people become infected by DV annually and as many as 4 billion people are at risk of potential DV infections worldwide ([@R2]). DV infection can progress into severe disease such as hemorrhagic fever and dengue shock syndrome, which can be life-threatening with rapid decline in platelet counts and severe bleeding. However, there is no specific medication for treatment of dengue infection other than pain relievers such as acetaminophen and supportive care in a hospital.

Nonselective, broad-spectrum antivirals such as interferon-γ (IFN-γ) and ribavirin are infamous for serious adverse effects including seizures and hemolytic anemia ([@R3]). Therefore, it is important to develop direct-acting antivirals to treat specific virus infections to increase therapeutic efficacy with fewer adverse effects. Strategies for development of direct-acting antiviral drugs to deal with these viruses have drawn much attention; these efforts have focused on targeting virus-originated components such as enzymes associated with the viral genomic replication ([@R4]). The main goal of this approach is to reduce the overall viral load and therefore shorten the duration of the febrile illness ([@R5]). While partial progress has been made against several flaviviruses such as hepatitis C virus (HCV) ([@R6]), there has not been successful development of direct-acting antiviral therapeutics against DV. Although several antiviral drug candidates had entered clinical trials against DV ([@R7], [@R8]), these anti-DV candidates failed to show sufficient viremia reduction or NS1 (nonstructural protein 1) antigen clearance. Considering the rapid expansion of the viral outbreak, development of strategies to accelerate antiviral drug discovery is a matter of urgency.

To date, conventional in vitro assays designed for antiviral drug discovery have focused mainly on identification of target-independent antiviral activities, and restricted to cell-based assays incorporating either live virus ([@R9]--[@R11]), artificial virus--like components such as viral subgenomic replicons ([@R12]), or their mimics ([@R13]). These methods are limited to evaluation of antiviral efficacy or of partial inhibitory effects associated with the viral replication cycle, which is not well suited for high-throughput screening of direct-acting antiviral drug candidates against virus-specific biomolecular targets. In addition, these methods entail high cost, intensive labor, and complicated procedures.

Among the various RNA virus--specific enzymes, RNA-dependent RNA polymerase (RdRp) has drawn extraordinary attention as a direct-acting antiviral drug target for its critical function associated with viral genome replication and high structural conservation in numerous RNA viruses ([@R14]). However, only very limited methods exist that are compatible with high-throughput screening for detection of RdRp inhibitors as direct-acting antiviral agents. Conventional RdRp assays include gel electrophoresis or radioisotope labeling, which are not compatible with high-throughput screening due to laborious procedures and high cost.

Recent articles have also reported the development of a fluorescence-based technique that assays RdRp activity by introducing a nucleic acid--intercalating dye to distinguish double-stranded RNA (dsRNA; product of the enzyme activity) from single-stranded RNA (ssRNA; enzyme substrate). Because of its simplicity and commercial availability, there have been some efforts to perform high-throughput screening using this method ([@R15]). However, the method itself has not been inspected for its validity and suitability for the high-throughput screening. Thus, it is still uncertain whether this method guarantees the reproducibility and reliability of the screened drug candidates. Moreover, there are several concerns in using the intercalating dye, including the possibility of signal interference by the various components other than pure nucleic acid (such as enzyme and cofactor metal ions), which may lead to false signals.

Meanwhile, graphene oxide (GO), a two-dimensional carbon-based nanomaterial with oxygen-containing functional groups, has proven its unique features suitable for sensor development. These properties include the capability of various surface functionalization chemistry, controllable selectivity toward single-stranded nucleotides, and fluorescence quenching ability ([@R16], [@R17]). Because of its conspicuous characteristics, GO has been used for various fluorescence-based biosensors ([@R18]--[@R20]) with high specificity. However, only very limited examples of GO-based sensors have been reported for the application to high-throughput screening for antiviral drug discovery.

Here, we developed a selective quenching fluorescent nanosensor \[RNA nano-GO system (RANGO)\] to enable quantitative analysis of the DV RdRp activity and its application to the high-throughput chemical screening for the rapid discovery of viral RdRp inhibitor candidates ([Fig. 1](#F1){ref-type="fig"}). With the high specificity and robustness of GO, RANGO was experimentally validated with its reliability as a high-throughput screening platform. As a result of RANGO-based extensive screening against the 2400 Food and Drug Administration (FDA)--approved drug library, we selected an RdRp inhibitor candidate that showed the highest inhibitory property toward RNA replication. Through the series of cell- and animal-based evaluations, we propose that montelukast, primarily known as a leukotriene antagonist, could function as an antiviral drug candidate against DV by directly inhibiting viral replication.

![Strategy for the development of the RANGO system for high-throughput screening of anti-viral drug candidates.](aaz8201-F1){#F1}

RESULTS
=======

Development of RANGO, an efficient DV RdRp activity analysis platform
---------------------------------------------------------------------

We first developed the RdRp activity analysis technology named as RANGO based on the detection of the difference in the fluorescence signal that is proportional to the concentration of the newly synthesized RNA product mediated by active RdRp. The RANGO system consists of the recombinant DV RdRp, its target RNA template conjugated with a fluorescent dye, and nanosized GO (NGO) as a selective quencher ([Fig. 1](#F1){ref-type="fig"}). In the RANGO system, NGO plays its role as a quencher of the fluorescence from the dye conjugated to the RNA template. The interaction between NGO and RNA is highly dependent on the structure of the substrate. In general, it is known that the interaction of NGO with the ssRNA is much stronger than that of the dsRNA ([@R21]). The strong interaction between NGO and ssRNA is based on π-π stacking interaction and hydrogen bonding, resulting in a sufficiently short distance, which induces NGO-mediated quenching of the fluorescence. When the active RdRp synthesizes a complementary RNA sequence against the template RNA, the two RNA strands form a double-stranded structure. Then, nucleobases in the dsRNA are hidden inside the helical structure, which decreases the chance of the intermolecular hydrogen bonding between NGO and RNA bases. These phenomena lead to inhibition of the fluorescence quenching that could be induced by close interaction of RNA with NGO.

We synthesized NGO by using a modified Hummers' method ([@R19]), which showed characteristic height and dimension profile corresponding to the nanosheet form of GO in atomic force microscopy analysis (fig. S1, A and B). As shown in the infrared spectra, the nanostructure consisted of the oxygen functional groups corresponding to each characteristic peak (fig. S1C). Together with Raman spectra analysis showing the coexistence of D- and G-band (fig. S1D), the overall analytical data indicate the successful synthesis of NGO.

For the preparation of RNA template specific to DV RdRp, overall structure, size, and the specific sequence motifs were considered. Specifically, the template was designed to include the seed sequence motif derived from 3′ untranslated region (3′UTR) or 5′UTR of DV genome to guide the activation of RdRp ([@R14]). The inclusion of the secondary structure was not favorable, as the presence of the nonlinear conformation in the RNA can lead to the substantial decrease of the interaction between the substrate RNA itself and NGO. These phenomena would induce the failure of the quenching of the fluorescence conjugated to the template, resulting in the false signal. In this regard, the RNA template was designed to exclude any secondary structure (fig. S2A).

Recombinant DV NS5 RdRp enzyme was obtained via the mammalian expression system. The obtained RdRp showed the expected replication activity against the designed template RNA under the appropriate buffer condition, including divalent cations (Mg^2+^ and Mn^2+^) at specific nucleotide triphosphate (NTP) ratio of adenosine triphosphate (ATP):cytidine triphosphate (CTP):uridine triphosphate (UTP):guanosine triphosphate (GTP) = 1:5:5:5 with Hepes buffer (pH 7.5; fig. S2B). In the development of RANGO, it was critical to find the optimal range of NGO content to ensure the selective quenching property against ssRNA (representing the unreacted substrate) over dsRNA (representing the product by an enzyme). The quenching capability of NGO in various concentrations was investigated in the presence of either fluorescent label--conjugated ssRNA or the complementary dsRNA (fig. S2C). The fluorescence intensity was measured individually for each concentration of NGO. To determine the optimal NGO concentration with the highest selective quenching capability, the difference of the fluorescence intensity (ΔFL) between ssRNA and dsRNA after addition of NGO was calculated (fig. S2D). We found that the appropriate concentration of NGO was 1.5 μg/ml for the optimized RANGO system, which showed the highest selective quenching ability toward ssRNA over dsRNA.

To determine whether the practical operation of the RANGO system is valid, we prepared two RdRp groups, which consisted of either active RdRp or inactivated RdRp. The samples were incubated under the same condition required for the enzyme activity induction, and then the NGO was added to each sample. A simple fluorescence measurement revealed the distinct difference of the fluorescence intensity between the active RdRp group and the inactive RdRp group ([Fig. 2A](#F2){ref-type="fig"}), indicating the reliable signal discerning capability of RANGO for the fluorescence-based RdRp activity analysis.

![DV RdRp activity assay by RANGO and its validation for the application to high-throughput RdRp inhibitor screening.\
(**A**) Schematic illustration of the RANGO-based RdRp assay platform (left) and its corresponding data depicting the difference of the fluorescence intensity between inactive RdRp and active RdRp (right). Bars indicate means ± SEM from three individual experiments for each group (*n* = 3). To determine the significance of the data, Student's *t* test was performed to derive *P* value. \*\*\* indicates a significance in the change compared to the inactive RdRp control; \*\*\**P* ≤ 0.001. (**B**) Significance of RANGO as a screening platform, calculated as *Z*′ factor against the 20 individual replications (*n* = 20). (**C**) Fluorescence-based quantitative analysis of the representative enzyme inhibitor activity demonstrated with the RANGO system with the model inhibitor ATA in serial concentrations. Bars indicate means ± SEM from three individual groups for each concentration (*n* = 3). (**D**) Schematic comparison of the performance as an inhibitor drug screening platform between the conventional gel-based RNA assay and RANGO-based RdRp assay.](aaz8201-F2){#F2}

High-throughput screening to find inhibitors of DV RdRp by RANGO
----------------------------------------------------------------

Followed by the preliminary demonstration of the RANGO system, the platform was validated with its suitability for the high-throughput enzyme inhibitor screening assay. As the determinant standard for the reliability of assay, the *Z*′ factor of the RANGO system was derived. The *Z*′ factor is a generally accepted parameter used for system evaluation to determine the quality of high-throughput assay platform, of which 0.75 or higher value indicates a robust assay suitable for high-throughput screening ([@R22]). The *Z*′ factor of the RANGO system was calculated as 0.79, suggesting that the system is reliable and suitable as a high-throughput assay ([Fig. 2B](#F2){ref-type="fig"}). To confirm its validity for the quantitative enzyme inhibition analysis, an inhibition assay was performed with a previously known RdRp inhibitor \[aurintricarboxylic acid (ATA) ([@R23])\] based on RANGO. With RANGO system, we observed the inhibitor concentration--dependent decrease of the fluorescence signal intensity, indicating that the system enabled the quantitative analysis of the model inhibitor in a dose-dependent manner ([Fig. 2C](#F2){ref-type="fig"}).

Before the main screening, the performance of RANGO was compared with the conventional gel-based RdRp activity assay. A random chemical library consisted of 80 compounds was examined for their RdRp inhibitory effect by using either RANGO or the gel-based RNA assay. Under the experimental condition of using 96-well, black-bottom plate, a single round of RANGO system was able to analyze all the compounds in 5 to 10 min. On the contrary, a single round of the conventional gel-based RNA assay allowed up to \~20 chemicals at most and required approximately an hour (which is the summation of the time demanded for the sample transfer to gels, electrophoresis, staining, and measurement). As a result, it took roughly \~4 hours to analyze the same number of compounds with the typical gel-based assay. This comparison indicates that the utilization of RANGO system could notably reduce the time and labor required for the screening process ([Fig. 2D](#F2){ref-type="fig"}).

With regard to the previous data, RANGO-based high-throughput RdRp inhibitor screening was performed against FDA-approved chemical library consisting of 2400 compounds (fig. S3). Throughout the first selection from the screening, we revealed the inhibitor montelukast, which showed \~90% of enzyme inhibitory efficiency at 200 μM, as the most potent RdRp inhibitor. The inhibitory property of montelukast was then quantitatively measured with various concentrations of montelukast by the RANGO system ([Fig. 3A](#F3){ref-type="fig"}). The inhibition of RdRp activity by montelukast was revealed as concentration dependent, showing sigmoidal curve with the calculated half-inhibitory concentration (IC~50~) of 38.6 μM.

![The hit compound, montelukast, shows an in vitro antiviral therapeutic effect against the DV2-infected cells.\
(**A**) Chemical structure of the hit compound, montelukast, and investigation of the concentration-dependent enzyme inhibitory effect against DV RdRp via RANGO assay. The dose-responsive sigmoidal curve with the calculated IC~50~ value is shown. Bars indicate means ± SEM from four individual groups for each concentration (*n* = 4). (**B**) Investigation of concentration-dependent antiviral effect on the hit compound via in vitro viral FFA on VeroE6 cells. The dose-responsive sigmoidal curve with the calculated EC~50~ value is shown. Bars indicate means ± SEM from three individual groups for each concentration (*n* = 3). (**C**) Corresponding images of the viral focus of those treated with the representative concentration of the hit compound. Bars indicate means ± SEM from three independent groups for each concentration (*n* = 3). (**D**) Semiquantitative RNA expression analysis on the concentration-dependent antiviral effect of the hit compound and the corresponding cytotoxicity. (**E**) Relative viral RNA expression analysis of the concentration-dependent antiviral effect of the hit compound on the virus-infected human cells. Bars indicate means ± SEM from three individual groups for each concentration (*n* = 3). (**F**) Investigation of concentration-dependent antiviral effect on the hit compound via immunocytochemistry on human liver (Huh7) and lung carcinoma (A549) cells. To determine the significance of the data, Student's *t* test was performed to derive *P* value. \* or \*\* indicates a significance in the change compared to the vehicle (PBS) control; \**P* ≤ 0.05 and \*\**P* ≤ 0.01.](aaz8201-F3){#F3}

In vitro inhibition of DV replication by montelukast
----------------------------------------------------

To insist on the practical significance of RANGO to sort out the hit compound in desire, it was required to prove whether the selected RdRp inhibitor candidate also had the potential as an antiviral agent. We first designed a dose-dependent antiviral efficacy analysis based on focus-forming assay (FFA) in a model cell, VeroE6 (monkey kidney cell), infected with DV serotype 2 ([Fig. 3B](#F3){ref-type="fig"}). Foci is a general unit for viral quantification, which is created by restricting the mobility of virus with semisolid overlay medium on cells. The focus-forming unit (FFU) was calculated individually for each group treated with the serially diluted inhibitor to derive a dose-dependent sigmoidal plot similar to that of the aforementioned enzyme inhibition assay. The half-effective concentration (EC~50~) for the antiviral function was calculated according to the plot, with value of 5.52 μM. These data was highly correlative with the relative expression level of the viral RNA genome normalized by the endogenous control \[glyceraldehyde-3-phosphate dehydrogenase (GAPDH)\], which resulted as a drug concentration--dependent decrease of the viral RNA concentration ([Fig. 3C](#F3){ref-type="fig"}). In addition, the number of foci, which represents the severity of the viral replication and infection, significantly decreased as the concentration of the treated montelukast increases ([Fig. 3D](#F3){ref-type="fig"}). The overall data support that montelukast not only functions as a DV RdRp inhibitor but also serves as an antiviral agent by inhibiting DV replication in the virus infection cell model.

To further validate its inhibitory activity against DV replication, we selected two human cell lines, Huh7 ([@R24]) and A549 ([@R25]), as hosts for the DV infection. Both cells were first infected with DV serotype 2 and then treated with the serially diluted montelukast. As these cells were not prone to the formation of the viral foci, the antiviral efficacy was quantified by the comparison of the viral RNA level ([Fig. 3E](#F3){ref-type="fig"}). The treatment of the montelukast reduced the viral RNA genome level in both cell lines, dose dependently. In addition, immunostaining of the viral NS1 protein also indicated the decrease in viral replication with increasing concentration of the treated montelukast ([Fig. 3F](#F3){ref-type="fig"}). Together, montelukast effectively reduced DV replication in two human cell lines by showing the significantly reduced level of DV RNA and viral protein NS1 upon treatment of montelukast.

In vivo antiviral effect of montelukast against DV
--------------------------------------------------

Encouraged by the promising data obtained in the cell-based inhibition assays, we next tested the systemic antiviral effect of montelukast in vivo. In general, IFN-α/β/γR−/− (AG129) mice, a transgenic mouse model highly susceptible to virus infection, were widely harnessed for infectious virus research ([@R26], [@R27]). Nevertheless, the sensitivity of this model varies among the different DV strains. Since the DV strain we use (KUMC-29) has not been examined for its lethality against the animal model in previous studies, it was required to investigate whether the combination of AG129 and KUMC-29 strain is appropriate for the generation of the "lethal mouse model" that we desired for in vivo efficacy study. We first examined the correlation between the quantity of the inoculated viral titer and induction of lethality. Viral infection was induced by administration of 1 × 10^6^, 5 × 10^6^, and 1 × 10^7^ FFU of DV serotype 2 by intraperitoneal injection. According to the evaluation, the virus strain KUMC-29 showed lethality within \~10 days after administration at a dose of \~1 × 10^7^ FFU (fig. S4). Therefore, we successfully generated the lethal DV infection mouse model by using KUMC-29 DV strain using AG129 mice.

We next tested the antiviral drug efficacy of montelukast in the DV mouse model we generated as above. Montelukast was administered by intraperitoneal injection to the lethal AG129 mouse model generated by injection of DV, in a daily dose of 10 mg/kg per day for 10 experimental days. The positive control group was daily administered with an equal volume of sterilized phosphate-buffered saline (PBS) by intraperitoneal injection. We then investigated whether the injected montelukast could alleviate the symptoms of viral infection associated with lethality. As one of the well-known symptoms, severe weight loss was observed in the lethal mouse model infected with DV before death ([@R28]). Compared to the infected control group, administration of montelukast induced the consistent maintenance of mice body weight ([Fig. 4A](#F4){ref-type="fig"}). Next, the montelukast treatment--dependent survival probability was calculated according to the Kaplan-Meier estimate model ([Fig. 4B](#F4){ref-type="fig"} and fig. S5). As shown in the graph, the injection of montelukast to the DV-infected mice significantly decreased lethality and improved survival rate (*P* = 0.023). This result was highly correlative to the decreasing tendency in viremia (virus titer in plasma), indicating the inhibition of the viral replication after the systemic administration of montelukast ([Fig. 4C](#F4){ref-type="fig"}).

![Montelukast shows in vivo antiviral therapeutic efficacy against the DV2-infected mouse model.\
Montelukast (10 mg/kg) was treated once a day to DV2-infected AG129 mice (10 to 12 weeks old, *n* = 10 unless stated otherwise). (**A**) Relative weight change after the DV2 infection followed by the administration of vehicle or montelukast. The analysis includes data obtained up to day 7, as the number of mice in the negative control group (vehicle-treated) fell below 2 (which was insufficient to derive SD) on day 8. Bars indicate means ± SEM. (**B**) Survival rate analysis of DV-infected AG129 mice after daily intraperitoneal administration of montelukast. Statistical significance was estimated by log-rank test (*P* = 0.023). (**C**) Relative peak viremia reduction analysis in plasma, performed at day 3 after infection. (**D**) Cytokine analysis against inflammatory cytokines (TNF, IL-6, and IFN-γ). (**E**) Relative DV RNA expression level analysis was performed with each representative tissue sample (spleen, liver, lung, small intestine, large intestine, and whole blood). The overall semiquantification of RNA expression was normalized by endogenous control (GAPDH) and compared against each other. Bars indicate means ± SEM from six independent mice (*n* = 6). To determine the significance of the data, Student's *t* test was performed to derive *P* value. \* or \*\* indicates a significant change compared to the vehicle (PBS) control; \**P* ≤ 0.05 and \*\**P* ≤ 0.01. (**F**) Pathology analysis data. Hematoxylin and eosin--stained images of liver section are shown. Scale bar, 100 μm.](aaz8201-F4){#F4}

When the viral replication propagates in the host, it is expected to induce massive production of inflammatory cytokines from the host defense system, of which phenomena known as a cytokine storm ([@R29]). As montelukast showed therapeutic efficacy as a direct-acting antiviral agent against DV infection by increasing the survival rate in a mouse model, we further investigated whether the compound could reduce the immune response related to DV infection. The administration of montelukast decreased the level of representative inflammatory cytokines including tumor necrosis factor (TNF), interleukin-6 (IL-6), and IFN-γ as measured on the day when the virus titer in plasma was estimated to be at the highest level ([Fig. 4D](#F4){ref-type="fig"}). In addition, complete blood count analysis was performed, in which the overall change in the blood components induced by the DV infection was attenuated, such as decrease of hematocrit at severe infection, increase of neutrophils and lymphocytes, and decrease of platelets (fig. S6) ([@R30]).

In addition to the investigation of the systemic antiviral effect of montelukast, the specific, local therapeutic impact on the peripheral organs was also examined. Five representative organs (spleen, liver, lung, small intestine, and large intestine) were collected and analyzed to estimate the changes in viral load and tissue morphology. As shown in [Fig. 3E](#F3){ref-type="fig"}, administration of montelukast significantly reduced the virus RNA concentration in each organ and in whole blood as well, although the degree of the viral RNA concentration decrease is different from organ to organ. To determine whether the change in viral RNA concentration in each organ is sufficient to relieve the infectious symptoms, the representative histopathology study on liver was performed, of which the unique symptoms of viral infection are well known ([Fig. 4F](#F4){ref-type="fig"}) ([@R31], [@R32]). Several pathological features of the infection specific to liver are cell integrity loss, enlargement of the sinusoidal space, and the escalation of focal necrosis. It is generally known that the overall features of the cytopathic effect by the viral infection would eventually lead to the generation of the focal necrosis and apoptosis, resulting in the sinusoidal and lobular collapse to induce liver malfunctioning. It turned out that the administration of montelukast supported the notable maintenance of the cell integrity or the sinusoidal space, which resulted in the sufficient density of hepatocytes similar to that of the uninfected liver tissue. In addition, focal necrosis (labeled in black arrows) was also diminished by size and area in the liver tissue. Other organ-specific changes occur in spleen, of which size and weight increase upon virus infection (known as splenomegaly) ([@R33]). We found that administration of montelukast alleviated the development of splenomegaly compared to that of the untreated group (fig. S7). Collectively, the data indicate that the inhibition of DV replication by montelukast could significantly relieve various symptoms of DV infection and achieve the comprehensive, systemic antiviral therapeutic effect in vivo.

DISCUSSION
==========

Because of the tedious and laborious procedure and the complex handling required for enzyme-based parallel screening, our research was initiated with the aim of developing a facile platform to enhance the convenience and efficacy of antiviral agent discovery. To do so, we first devised the strategy to adopt the advantages of the GO-based biosensor to convert the enzyme activity into quantitatively analyzable fluorescence intensity. Next, we used the detailed protocol of RANGO to maintain its analytic validity when applied to the high-throughput screening. Because of the chemical stability of GO in conventional room conditions, this approach provides not only convenient storage and handling but also reduction of the experimental burden when operating RANGO. *Z*′-factor derivation and model inhibitor analysis based on our system proved its reproducibility and reliability as a tool for the high-throughput screening of RdRp inhibitors. As a demonstration of the practical application of RANGO, we performed a multiwell-based, high-throughput chemical screening to identify a novel direct-acting antiviral agent against DV from the FDA-approved small-molecule library.

Categorized as an arbovirus, the generally known mechanism for DV infection starts from the mosquito bite and invasion of the virus into the bloodstream of the host, followed by infection of the epidermal tissues, tissue-residing immune cells, and lymph nodes, then expansion to systemic infection of peripheral organs ([@R34]). It has been reported that DV shows tissue tropism after the infection of the host, including bone marrow, lymph nodes, spleen, liver, and lungs ([@R35]). To prove that the RdRp inhibitor we identified could eventually become an anti-DV drug, it is necessary to determine whether the drug candidate is capable of practical viral reduction in at least one of these tissues stated above. We used various approaches involving a series of cell and animal-based models to evaluate the antiviral efficacy of the RdRp inhibitor selected from the RANGO-based screening. In addition to the monkey kidney cell model, we conducted additional cell experiments with the representative human cell models as well. It was necessary to examine whether the RdRp inhibitor candidate we found could show antiviral effects in human tissue. After the cell-based validation, we then conducted an animal-based study to eventually investigate the capability of the drug candidate to block the systemic spread-out of the viral infection. We managed to consider as many factors as possible to derive the conclusion, including the external symptoms (weight loss and survival rate), viral reduction in whole blood and each representative peripheral tissues, the relief of tissue-specific symptoms, cytokine level, and changes in the blood cells. Throughout the series of examinations, we concluded that the very compound, montelukast, showed significant potential as a direct-acting antiviral drug candidate.

Previously, montelukast has been known as a leukotriene receptor antagonist ([@R36]) and it is approved by the FDA for oral administration in treatment of chronic asthma. Related to viral infection, one previous report only showed that montelukast might possibly induce the partial reduction of vascular leakage occurring in by severe viral infection due to blocking mast cell--derived factor ([@R37]). However, no evidence was shown to claim that the compound could inhibit virus replication in any way, and the proof of concept was limited to the effect of the compound on the immune system as a leukotriene receptor antagonist. In the present study, we performed RANGO-based massive screening and identified montelukast as a highly potent DV RdRp inhibitor. We further performed a series of experiments to reveal the clear pieces of evidence supporting the role of montelukast as an antiviral agent. On the basis of the in vitro and in vivo data, we propose that montelukast could be adopted as a direct-acting antiviral drug targeting the DV RdRp. As far as we know, this mechanism of action (MoA) has not been suggested in previous studies regarding the antiviral effect of the compound. From the viewpoint of antiviral drugs, montelukast may enjoy its high efficacy as an anti-DV drug by dual MoAs as (i) a direct-acting antiviral agent by inhibiting DV RdRp and, therefore, inhibiting viral replication to directly reduce viral titer in the body and (ii) a leukotriene receptor antagonist to reduce the vascular leakage--related symptoms as well.

One of the biggest difficulties of antiviral drug development comes from rapid evolution of the target virus. The genetic instability of RNA virus leads to the continuous generation of variants alongside dispersal from one host to another. Future development of antiviral drugs, therefore, should be in a swift and strategic manner, with limited resources (i.e., time, labor, and money). Development of a drug screening platform, validated for its performance and efficiency, is thus an urgent issue. In terms of the drug screening system, the overall data indicate that our RANGO system is capable of rapid and reliable evaluation of the potent direct-acting antiviral drug candidates in a high-throughput manner, which is the superior feature compared to those of the conventional gel-based methods. Yet, regarding that our current system is based on the laboratory scale, the maximum number of samples in a single analysis is highly dependent on the experimental apparatus (e.g., in case of using 96-multiwell plates, a single analysis is capable of the maximum of \~80 samples, which takes approximately 5 to 10 min for the quantitative analysis). Thus, future investigations for the improvement of RANGO may consider strategies for application to massive, industrial-scale analysis to further increase efficacy of screening. One of the approaches may include the adoption of an automation process. Also, in terms of the validity of the repurposed drug candidate, our current results from the animal-based studies indicate the antiviral effect of montelukast when administered by intraperitoneal injection method in a single dose/day. Although montelukast is known to be treatable both intraperitoneally and orally, it had been widely transcribed orally for humans, which is accepted as a more convenient treatment route. Thus, further investigation is required for this drug to confirm both its antiviral effect via oral delivery and the optimized dose condition in clinical trials. Hopefully, as it is generally accepted that the systemic drug absorbance is greater by oral delivery than that of the intraperitoneal, the antiviral effect featuring the oral treatment of montelukast is expected to be positive.

In summary, we have developed the RANGO system, a cost-effective, simple, and robust RdRp activity analysis technology for the discovery of viral RdRp inhibitors. Its application to high-throughput screening of the FDA-approved drug library enabled the rapid selection of potent RdRp-specific inhibitors. In a series of studies carried out in vitro and in vivo, we identified a highly potent compound, montelukast, as a direct-acting antiviral drug candidate by inhibiting DV RdRp activity and, subsequently, DV replication mediated by the enzyme. On the basis of the significance of the preliminary data, we suggest that this small molecule selected by RANGO has great potential to be further investigated for practical use in combatting DV-associated diseases. More generally, we propose that our system could accelerate identification of potent direct-acting antiviral drug candidates at the initial stage of the drug discovery process.

MATERIALS AND METHODS
=====================

Cloning, expression, and purification of the RdRp recombinant protein
---------------------------------------------------------------------

The coding sequence of the full-length NS5 protein from DV serotype 2 (DENV-2) was synthesized by Integrated DNA Technologies (USA). The DENV-2 NS5 sequence was fused to the coding sequence of the N-terminal 10 His-tagged superfolder green fluorescent protein (sfGFP) and inserted into the pX vector ([@R38], [@R39]). The expression plasmid was amplified in the *Escherichia coli* strain JM109, and the purified plasmids were transfected into human embryonic kidney (HEK) 293E cells. The transfected cells were harvested 4 days after transfection and resuspended in the prepared buffer supplemented with ribonuclease A, staphylococcal nuclease ([@R40]), CaCl~2~, phenylmethylsulfonyl fluoride, and protease inhibitor cocktail. The resuspended cells were lysed by sonication. The supernatant was collected, and the desired protein was primarily purified by Ni--nitrilotriacetic acid (NTA) column. The eluted proteins were further purified using a HiLoad 16/600 Superdex 200 pg column (GE Healthcare, USA). The peak fractions were pooled and concentrated to approximately 1 mg/ml. The concentrated proteins were flash-frozen in liquid nitrogen and stored at −80°C before using in inhibitor screening assay.

Determination of the RdRp recombinant protein enzyme activity
-------------------------------------------------------------

The enzyme activity of the DV RdRp recombinant protein was determined by gel electrophoresis--based RNA analysis. To prepare DV serotype 2 RdRp substrate, ssRNA labeled with Cy5 was prepared (5′-Cy5-UUUUUUUUUUUUUACUAACAACU-3′; Bioneer, Korea) in TE (Tris-EDTA) buffer solution. The DV2 RdRp enzyme (3.5 pmol) was mixed with 3 pmol of RNA substrate, 0.1 mM ATP, and 0.5 mM CTP/UTP/GTP in the 60-μl RdRp buffer (50 mM Hepes, 10 mM NaCl in pH 7.5) and incubated for 45 min at 37°C. Each sample was transferred to 20% native polyacrylamide gel electrophoresis (PAGE) gel, and electrophoresis was performed at 100 V for 20 to 30 min. Gels were stained with SYBR gold staining solution (Thermo Fisher Scientific, USA) and then analyzed using ChemiDoc (Bio-Rad, USA). The size of the resulting gel bands was determined compared to the small interfering RNA ladder marker (Takara Bio, Japan).

Synthesis of GO
---------------

GO was made according to the modified Hummers' method. Graphite, sodium nitrate, and sulfuric acid were mixed in round-bottom flask and vigorous stirring in an ice bath. After stabilization, we slowly added KMnO~4~. The flask was transferred to an oil bath and heated at 35°C for 1 hour. Distilled water (40 ml) was slowly dropped in the round flask in an ice bath. Then, the flask was placed in an oil bath at 95°C for 30 min. Reactive substances remaining in the flask were quenched by adding 5 ml of H~2~O~2~, and the GO solution was purified by filtration using Buchner funnel. The purified GO was lyophilized and finally dispersed in distilled water to a concentration of 1 mg/ml.

Characterization of GO
----------------------

The size and morphology of GOs were characterized with an atomic force microscope (NX10, Park Systems, Korea). An ultraviolet-visible (UV-Vis) spectrophotometer (Lambda 465, PerkinElmer, USA) was used to obtain UV-Vis spectra. Zeta potential and dynamic light scattering analysis were performed using Zetasizer Nano S (Malvern Instruments, UK). Raman spectra were measured using LabRAM HR UV-vis-NIR (Horiba Jobin Yvon, France) using an Ar ion continuous wave laser (514.5 nm) as an excitation source focused through a BXFM confocal microscope with an objective lens (50×, numerical aperture = 0.50). The measurement of Fourier transform infrared (FT-IR) spectra was performed with EQUINOX55 (Bruker, Germany).

Development of RNA nano-GO--based viral RdRp activity assay (RANGO)
-------------------------------------------------------------------

The experimental procedures were performed in 96-well, black-bottom microplate. The reaction mixture for measuring RdRp activity was prepared by mixing 3 pmol of RNA substrate, 3.5 pmol of DV2 RdRp and 0.1 mM ATP, and 0.5 mM CTP/UTP/GTP in the RdRp buffer (50 mM Hepes, 10 mM NaCl in pH 7.5) in 60 μl and incubated for 45 min at 37°C. NGO solution was prepared at 2.5 μg/ml in distilled water right before use from a stock solution (1 mg/ml). After the incubation, NGO was added to each sample at a final concentration of 1.5 μg/ml. Reactants were transferred to the microplate. The eventual RdRp activity was measured by monitoring the corresponding fluorescence intensity change at excitation (Ex)/emission (Em) = 650 nm/670 nm with a Synergy MX fluorometer (BioTek, UK).

Evaluation of RANGO as the RdRp inhibitor assay platform
--------------------------------------------------------

The experimental procedures were performed in 96-well, black-bottom microplate. For evaluation of the RANGO system as the RdRp inhibitor assay, the systemic performance was validated with a model RdRp inhibitor, ATA. Before the experiment, the compound solution was prepared in dimethyl sulfoxide (DMSO) in dark tube. ATA solution was added to the RdRp activity--induced buffer solution (with RdRp and RNA substrate) in serially diluted concentration from 0 to 300 μM. After 45 min of incubation at 37°C, NGO was added to each well at a final concentration of 1.5 μg/ml. Right after the addition of NGO, the fluorescence intensity was measured at Ex/Em = 650 nm/670 nm. Relative RdRp activity correlative to the difference in the fluorescence signal was plotted versus the treated inhibitor concentration, and the IC~50~ was calculated according to the logistic curve-fit method applied with OriginPro 8 (OriginLab, USA).

*Z*′-factor determination of RANGO
----------------------------------

The experiment was conducted in 96-well plate scale. For the positive control, RdRp activity was induced by the addition of 3 pmol of RNA substrate, 3.5 pmol of DV serotype 2 RdRp and 0.1 mM ATP, and 0.5 mM CTP/UTP/GTP in the RdRp buffer (60 μl). For the negative control, the same volume of nuclease-free water (NFW) was added instead of NTP solution. After 45 min of incubation at 37°C, NGO was added to each well at a final concentration of 1.5 μg/ml. Right after the addition of NGO, the fluorescence intensity was measured at Ex/Em = 650 nm/670 nm (*n* = 20). The *Z*′ factor was derived according to the equation as follows$$Z\prime = 1 - \frac{(3\sigma_{c +} + 3\sigma_{c -})}{\mid \mu_{c +} - \mu_{c -} \mid}$$where σ~c+~ is the SD of the positive control, σ~c−~ is the SD of the negative control, μ~c+~ is the average of the positive control, and μ~c−~is the average of the negative control.

Screening performance test of RANGO
-----------------------------------

Preliminary screening test was performed against 80 random chemical compounds from the DIVERSet chemical library (ChemBridge Chemicals, USA). The chemicals were examined with either the conventional gel-based RNA assay or RANGO. Before the test, each chemical solution was diluted to 100 mM in DMSO. The solutions for each assay were prepared separately in a 96-well, black-bottom plate. Each well consisted of 3 pmol of RNA substrate, 3.5 pmol of DV serotype 2 RdRp and 0.1 mM ATP, 0.5 mM CTP/UTP/GTP in the RdRp buffer (60 μl), and 200 μM of library compound. For negative control, NTP was replaced with NFW, without any compound. The plates were incubated for 45 min at 37°C. For gel-based assay, each analyte was transferred to the 20% native PAGE gel, and electrophoresis was performed in 100 V for 20 to 30 min. For RANGO-based assay, NGO was added directly to each well at a final concentration of 1.5 μg/ml. The fluorescence intensity was measured immediately after the addition of NGO, at Ex/Em = 650 nm/670 nm.

RANGO-based, high-throughput RdRp inhibitor screening
-----------------------------------------------------

High-throughput chemical library screening was performed against 2400 candidate molecules from the FDA-approved chemical library (Selleckchem, USA) with the incorporation of RANGO system under the optimized condition as described above. Each chemical was added to the RdRp activity--induced buffer solution at a final concentration of 200 μM. For negative control, NTP was replaced with NFW. After 45 min of incubation at 37°C, NGO was added to each well at a final concentration of 1.5 μg/ml. Right after the addition of NGO, the fluorescence intensity was measured at Ex/Em = 650 nm/670 nm.

Quantitative enzyme inhibition analysis of the RdRp inhibitor candidate
-----------------------------------------------------------------------

For evaluation of the RdRp inhibition property of montelukast with the RANGO system, the compound solution was added to the RdRp activity--induced buffer solution in serially diluted concentration from 0 to 1000 μM. After 45 min of incubation at 37°C, NGO was added to each well at a final concentration of 1.5 μg/ml. Right after the addition of NGO, the fluorescence intensity was measured at Ex/Em = 650 nm/670 nm. Relative RdRp activity correlative to the difference in the fluorescence signal was plotted versus the treated drug concentration, and the IC~50~ was calculated according to the logistic curve-fit method applied with OriginPro 8 (OriginLab, USA).

Virus and cell culture
----------------------

DV serotype 2 (strain KUMC-29) was provided from Korea Bank for Pathogenic Viruses at Korea University, Seoul, Korea. Monkey kidney cell line (VeroE6) was provided by K. Ahn from the Department of Biological Sciences, Seoul National University. Liver carcinoma cell line (Huh7) and lung carcinoma cell line (A549) were purchased from American Type Culture Collection Inc. (USA). The virus stock propagation and expansion for the concentration proceeded in VeroE6 cells. After harvest, the viruses were concentrated by ultracentrifugation at 36,000 rpm, 4°C for 3 hours. The concentrated titer was quantified by FFA. Virus titer was shown as FFU per milliliter. VeroE6 and Huh7 cell lines were cultured with complete Dulbecco's modified Eagle's medium in 5% CO~2~, 37°C. A549 cell line was cultured with complete RPMI medium (RPMI with 10% fetal bovine serum, 1% penicillin/streptomycin) in 5% CO~2~, 37°C.

Cell viability test
-------------------

The cholecystokinin-8 (CCK-8) assay was performed according to the manufacturer's instruction. Before the experiment, VeroE6, Huh7, and A549 cells were seeded in densities of 10.5 × 10^4^, 7.0 × 10^4^, and 7.0 × 10^4^ cells/cm^2^, respectively. After 24 hours of incubation in 5% CO~2~, 37°C, montelukast was treated in serially diluted concentration for 48 hours. CCK-8 reagent was treated at concentrations of 10% (v/v) to each group and incubated for 1 to 4 hours in the conventional cell culture condition. The quantitative analysis of the change in colorimetric intensity was performed by measuring the optical density of formazan salt at 450 nm with a microplate reader (Molecular Devices Inc., USA). The experiment was carried out in triplicate, of which data were shown as means ± SEM.

In vitro virus infection test
-----------------------------

Before the experiment, VeroE6, Huh7, and A549 cells were seeded in densities of 10.5 × 10^4^, 7.0 × 10^4^, and 7.0 × 10^4^ cells/cm^2^, respectively. After 24 hours of incubation under 5% CO~2~, 37°C, DV serotype 2 was inoculated to each cell culture by multiplicity of infection of 0.1, 0.5, and 2.5, respectively, under serum-free culture media for 2 hours. The culture plates were gently rocked every 30 min for even distribution of the virus to the cells. Montelukast solutions were prepared with a serially diluted concentration in each complete culture medium containing 0.75% methylcellulose. After the incubation, virus medium was removed and the cells were washed with sterilized PBS once, followed by the treatment of the chemical solutions. Cells were incubated under the culture chamber for 48 hours. After the incubation, each group was prepared for the FFA and relative viral RNA expression analysis. For FFA, chemical solutions were removed and the cells were washed with sterilized PBS, followed by fixation with 4% paraformaldehyde. For viral RNA expression analysis, cells were treated with TRIzol after the washing process and stored at −70°C for further analysis.

Focus-forming assay
-------------------

FFA was performed against the NS1 protein of DV serotype 2. Cells fixed with 4% paraformaldehyde were rinsed with PBS for three times. The blocking solution was treated for 1 hour at room temperature. After washing with PBS, primary antibody (mouse anti-flavivirus NS1; 1:2000) was treated to each group for 2 hours at room temperature or overnight at 4°C. After washing with PBS, secondary antibody \[anti-mouse immunoglobulin G (IgG)--fluorescein isothiocyanate (FITC); 1:500\] was applied to each group for 1 hour at room temperature. After rinsing, PBS containing Hoechst 33342 (10 μg/ml) was treated to each group for nuclear staining. Viral FFUs stained in fluorescence were observed and analyzed with a microscope (Olympus, Japan).

Animal experiments
------------------

AG129 mice (129/Sv IFN-α/β, IFN-γ receptor−deficient) were purchased from Marshall BioResources (UK). All experimental procedures were preapproved by Institutional Animal Care and Use Committee of Seoul National University (Korea) and Chonbuk National University (Korea) and were performed according to the guidelines of the recommendations from Association for Assessment and Accreditation of Laboratory Animal Care. As the DV is epidemic by mosquitoes, the cages with filter cover were used to avoid any unexpected contact and contamination.

Experimental groups for in vivo virus infection test
----------------------------------------------------

For determination of the appropriate virus titer for infection, AG129 mice (10 to 12 weeks) were inoculated by intraperitoneal injection with various viral titer: 10^6^, 5 × 10^6^, and 10^7^ FFU. For evaluation of the antiviral properties of montelukast, AG129 mice (10 to 12 weeks) were intraperitoneally injected with DV (10^7^ FFU), followed by intraperitoneal administration of either 200 μl of montelukast (10 mg/kg per day) or PBS. Drug treatment was performed once a day. Negative control (uninfected group) was administered with 300 μl of PBS instead of virus. For drug control group, 200 μl of montelukast (10 mg/kg per day) was administered solely to the noninfected AG129 mice.

Mouse weight loss and survival rate analysis
--------------------------------------------

Weight loss and mortality state were monitored daily. In the survival analysis, euthanized mice exhibiting severe disease-associated symptoms or rapid weight loss were counted as the moribund state at the moment of the exhibition. Each weight was analyzed in relative percentage against that of day 0.

Complete blood count, viremia analysis, whole-blood RNA expression analysis, and cytokine bead assay
----------------------------------------------------------------------------------------------------

At day 3 after infection, blood was collected from each mouse and transferred into EDTA-coated anticoagulant tubes. After gentle mix by rocking for 10 min, 20 μl of each sample was analyzed for complete blood counts with Hemavet 950FS (Drew Scientific, USA). The measured value of each factor was semiquantitatively analyzed against that of the uninfected control. For analysis of viremia and expression change in cytokines, plasma was separated by centrifugation at 8000*g*, 4°C for 15 min. Virus titer in the plasma (viremia) and viral RNA expression in whole blood was analyzed by quantitative real-time polymerase chain reaction (qRT-PCR). To examine change in the expression of inflammatory cytokines (TNF, IL-6, and IFN-γ), cytokine bead assay was performed. All samples were analyzed according to the manufacturer's instruction (BD Biosciences, USA).

Mouse necropsy
--------------

At day 3 after infection, mice were sacrificed from each group (*n* = 6). Organ samples (spleen, liver, lung, small intestine, and large intestine) were collected and prepared for the virus RNA expression analysis and histopathology analysis. Spleens were weighed to determine splenomegaly. For the virus RNA expression analysis, half of the spleen, liver, and lung were homogenized and treated with TRIzol reagent and stored at −70°C for further analysis. The same procedures were applied to the whole samples of the small intestine and large intestine. The other half of the spleen, liver, and lung were submerged to 4% paraformaldehyde for fixation and stored at 4°C.

Relative viral RNA expression level analysis
--------------------------------------------

For the investigation of viral RNA expression change in the collected specimens, RNA was isolated from each cell- and animal-based sample treated with TRIzol reagent, followed by complementary DNA synthesis aided by MLVRT reverse transcriptase according to the instruction manual. For target gene amplification, each primer was designed in consideration of GC (guanine-cytosine) content less than 50% and overlapping between two exons of the target genes with the expected amplicon size of \~100 base pairs. Primer sequence was confirmed as shown in table S1. qRT-PCR was conducted to quantify viral RNA. Each reaction was conducted in a 20-μl volume, with SYBR Green Master Mix. QuantStudio3 (Applied Biosystems Inc., USA) was used in this study in a two-step amplification process. For analysis of viremia, a linear correlative standard curve was established between the virus titer (FFU per milliliter) and the corresponding threshold cycle (*C*~T~) value. The virus in plasma was calculated according to the equation of the standard curve. A standard curve was derived against a serially diluted viral titer. For cell-based groups and mice organ samples (including whole blood), semiquantitative viral RNA was analyzed against that of the endogenous control, GAPDH.

Pathology analysis
------------------

Organ samples fixed in 4% paraformaldehyde went through a series of procedures as follows: paraffin embedding, section, and stain with hematoxylin and eosin at the pathology core facility in Center for Medical Innovation, Seoul National University Hospital, Korea.

Statistical analysis
--------------------

Data plots with concentration-dependent assays were analyzed using OriginPro 8. Briefly, logarithmic sigmoidal curves were fitted according to each dataset. Error bars indicate ± SEM unless stated otherwise. Statistical significance of the in vitro and in vivo antiviral efficacy analysis was evaluated by a two-tailed *t* test. Statistical significance of the survival rate was analyzed by log-rank test with R (R Foundation for Statistical Computing, Austria).
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